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ABSTRACT 


A workshop was convened at NASA Headquarters, Washington, 

D. C. , on May l and 2, l‘)7S, to help determine it' sufficient justifica- 
tion existed to proceed with the design of an electromagnetic (KM) posi- 
tioning device for use in space. I’hose i ti attendance included experts in 
crystal growth, nucleation phenomena, containerless processing tech- 
niques, properties of materials, metallurgical techniques, and glass 
technology. 

Many of the scientists present perceived a need to conduct con- 
tainerless experiments in a microgravitv environment. Specific areas 
mentioned included the study of metallic classes and invest igat ions of 
the properties of high-temperature materials. Although the scientific 
requirements for the experiments were discussed only in general terms, 
they indicated a desire tor some of the capabilities inherent in an elec- 
tromagnetic system (e.g., positioning in a vacuum). 

The potential usefulness of in KM positioning system for use in a 
micrograv itv environment was agreed upon. I he discussion indicated 
that extensive ground-hased studies (both theoretical and experimental) 
are necessary to ascertain the* advantage s ,»! such a system and to opti- 
mize a design suitable tor expe rimentat ion m space. I hese giound- 
hased studies would also include precursor experiments on fac ilities 
such as drop mbps which offer limited times of low -grav ity envir mnient. 

As a result of the* discussions it was decided tliat those scientists 
who have a potential use for a mic rogravitv KM positioning system would 
form an ad hoc task team and meet periodic ally to: 

(1) Better define the requirements for the microgravity facilities. 

(2) Oversee any design development efforts associated with a 
microgravity KM ideality. 

t'l Make recommendat ions on developing technologies facilities 
which support ground-hased rosea rch effort s. Khese support activities 
may inc lude developing facilities to c onduc t precursor experiments |o. g. , 
on KC'-l flights) or measurement capabilities u*. c. . multicolor pyro- 
meters) needed to instrument any facility. 
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I. THE WORKSHOP 


This document summarizes a workshop held at NASA Headquarters 
on May 1 and 2, 1978. The motivation for the workshop was to deter- 
mine if there was sufficient scientific interest and justification to proceed 
with the design and development of an electromagnetic (EM) positioning/ 
furnace device for use in an Earth orbital microgravity environment. A 
list of t hose attending the workshop is given in the Appendix. Several 
presentations were given which involved topics dealing with techniques 
of containerless processing, research areas that utilize containerless 
processing, and other related subjects. Table 1 lists the presentations. 


TABLE 1. WORKSHOP PRESENTATIONS 


Title 


Speake r 


The Materials Science in Space Program J. Carruthers 
and Participation of Investigators in Its 
Activities 


Properties of Liquid Metals at High J. Margrave 

Temperatures 

Thermophysical Properties of Molten J. Colwell 

Nonconductors 

Corrosive Reactions in Oxides H. Parker 


Surface Tensions of Reactive High 
Temperature Materials 

Production of Bulk Metallic Glasses 
in Space 

Studies of Immiscible Materials 

Potential for Ultra Purification of 
Metal s 

Research Activities at R A IiC 

Containerless Processing of Rare 
Earth Magnetic Materials 

Potential Problems Associated with 
Electromagnetic Levitation in Crystal 
Growth 


S. Hardy 


A. Lord 

A. Markworth 
R. Bunshah 

R. Marshall 
D. Das 

A. Witt 


TABLE l. (Concluded) 


Title Speaker 


Effect of Static Electric and Magnetic 
Fields on Material Processes 

T. 

Collings 

Use of Levitation and High Vacuum 
Techniques in Nucleation 

». 

Turnbull 

The NASA /MSEC Drop lube Facility 

R. 

Naumann 

Studies of Crystal Growth in an Elec- 
tromagnetic System 

G. 

W ouch 

Characterization Studies of an Acoustic 
Lo vitator 

w. 

O ran 

Limitations and Potential for Electro- 

T. 

F rost 


mat* net it Containcrlcss Processing 


I’ he present.it ions were distussed in some detail. I'lie research 
areas of interest tt» the attendees appeared to he grouped into four 
general categories; namely, properties ot high-tempe ratu re materials, 
nucleation studies and the production ot amorphous metals, production 
of unique metals and alloys, and EM systems and t rystal growth. 

The state of the research in these various areas was debated to 
some extent. It was stated that many experiments conducted in these 
areas a re adversely influenced by the I -gravity environment. Kor 
example, measurements ot tin* physical properties ot materials should 
be made in a conta inerless (e.g., levitated) manner. It is very difficult 
to obtain a complete set of data on the t he rmophy s ical properties of 
many materials, especially when they are in the molten state, because 
of crucible reactions for many ot the materials. Crucible interactions 
can be avoided by use ot elect romagnet i» levitation techniques, but . on* 
\cntionnl terrestrial levitation techniques do not lend themselves to 
suitable control of specimen temperature and cause considerable super- 
heating of most high-dens ity materials. 1 he formation of metallic 
glasses and related studies of nucleation also appear limited by container 
effe»ts, such as indu. ed nucleation from the crucible walls. In the case 
of the production ot oxygen-free, high-purity saina rittm-i obalt alloys 
itor the manufacture of magnetic materials ot high coercivity), space 
offers a possible advantage in the initial preparation ot the samarium- 
cobalt alloy in a containerless vacuum system. An KM fa, ility might 



also be used in other experiments in space. An example is its use for 
controlled heating in a float zone apparatus. (Additional discussion of 
the research areas can be found in Section II, ! 

It was pointed out that there must be quantitative studies of the 
limitations of containerless processing systems in a 1 -gravity environ- 
ment to justify conducting investigations in microgravity. In the case of 
EM levitation systems there appears to be a wide range of material and 
temperature combinations that cannot be investigated on the ground. 

Other techniques which may be used on the ground include the acoustic 
systems being developed at various laboratories |o.g. t Jet Propulsion 
Laboratory and Marshall Space Flight Center (MSFCl] and the high-speed 
calorimetry presently being developed by the National Bureau of 
Standards. In the case of terrestrial acoustic levitation systems, one of 
the major limitations may be disruption of materials in the liquid state 
when subjected to the intense sound fields being generated in the system. 
In addition, the processed materials will pick up impurities from the 
gas making it virtually impossible to process high-purity materials. 

In t le case of high-speed calorimetry, cur rent - induced instabilities and 
surface tension effects of materials in the liquid state may adversely 
affect the measurements. (Additional information on containerless 
processing systems can be found in Section III. A.) 

Man v of the workshop participants explicitly expressed concern 
about the apparent limitations of conta me rless processing systems in a 
1 -gravity environment. I'hey indicated a desire to conduct containerless 
experiments in a microgravity environment to remove some of the limi- 
tations. In addition, the capabilities inherent in an EM system (which 
can combine the effects of levitation, vacuum, anil stirring! appear to 
be required to conduct some of these experiments. The potential utility 
of an electromagnetic pos itioning / furnace system for use in a micro- 
gravity environment was agreed upon. (Initially, this system should be 
used as a research facility to study basic physical processes in micro- 
gravity. I However, the necessary ground -Ki sed studies are not suf- 
ficiently matured that tin* need of an FM system for tin* Spacelab/Shuttle 
can be definitely established. Therefore, to justify and develop a 
system for use in Spacelah, an integrated program which includes the 
following elements should be established: 

(I) Sufficient ground-based research, including use of terrestrial 
containerless systems so the advantages of conducting microgravity 
experiments on the Shuttle ^Spacelah (or equivalent! can be firmly estab- 
lished. 
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(2) The ground-based research should include microgravity 
experiments of short duration (e.g., with drop tubes or the KC-1.)5 
aircraft) to fully justify the need for conducting experiments in Earth 
orbit. (A brief description of the MSEC Ut-m drop tube is provided in 
Section III. B. ) 

( \) Sufficient ground-based research to design the space experi- 
ments, design the hardware, and analyze the results obtained with a 
space experiment. 

1-41 Close cooperation between the scientific groups that will use 
the apparatus and the engineering teams that are designing the space 
facility. 

(The latter element is particularly important because of the NASA 
budgetary cycle. It generally requires S years from the initiation of 
budget requests for a facility to the time when flight experiments van be 
conducted. Because of the general advancement of science, these flight 
experiments will probably not be identical with those conceived initially 
and which generated the impetus for the facility. Close cooperation and 
periodic re-examination of requirements are essential to insure that the 
final Hight hardware can be used to conduct the desired experiments.) 


1 1. POTENTIAL RESEARCH AREAS OF 
CONTAINERLESS PROCESSING 

A. Properties of High -Temperature Materials 


Knowledge of the basic thermophvsic.il properties f high-tempera- 
ture materials is fundamental to the field of material s« once. Ouanti- 
tati\e values of parameters such as melting points, vapor pressures, 
and specific heats are necessary in engineering systems design. In 
another area, data on the variation of surface tension with temperature 
would be useful to assess the potential influence ot Marangoni flows in 
some processes t«*. g. , C. ochralski growth). 

Some of the most serious problems m determining the thermody- 
namic properties ot molten materials arise from the necessitv ot holding 
the molten sample m a container in conventional calonmctri or vapori- 
zation studies. For example, liquid metals at high temperatures 
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(~ 1500° C) arc very reactive systems, and it is usually impossible to 
find a container material which is sufficiently refractory and truly 
nonreactive. Therefore, until recently, only limited experimental data 
were available for liquid metals, and for metals melting above 2000' C 
all of the data were estimated. The compilations of thermodynamic 
data were based on estimates of specific heats and heats of fusion, and 
recent experiences have shown that these can be very inaccurate. 

When the furnace of the conventional drop calorimeter was replaced 
by a radio t'reqviency induction heating coil, one could levitate samples 
of liquid metals in the coil and thus eliminate the container problem. 
Measurements of the heats of fusion and specific heats have been made 
for many of the transition metals (e.g., titanium, nickel, cobalt, 
platinum! using RF levitation devices at Rice University. These experi- 
ments have in many instances identified some of the limitations of con- 
ventional terrestrial RF levitators. Superheating of the specimen is 
perhaps the most severe limitation associated with terrestrial systems. 
This can he compensated to some extent by introducing ultrapure gas 
which can cool the material. However, there are still experimental 
difficulties such as: tl! a metallic "smoke" which can surround the 
levitated melt and complicate temperature measurements, and i2' vapor 
from the metal which can condense and short out the coils and hence 
limit the range of measurements. This latter difficulty is most severe 
in the case of high vapor pressure materials such as chromium, which 
cannot be heated much above the melting point in present KM systems. 
Many of these difficulties can be eliminated by conducting these experi- 
ments in a microgravity environment where an KM system with widely 
spaced coils can be used to position the specimen. Heating of the 
material can then be done in a manner independent of the posit toning 
force te.g., with an electron beam). 

Another limitation of terrestrial devices is the current inability to 
levitate poor conductors (e.g., boron and carbon! and mam ot the non- 
conducting inorganic compounds (e. g. , sulfides, borides, carbides, or 
organic compounds). I’here is considerable interest in determining 
the properties of refractory components such a> the binary transition 
metal oxides and various ternary compounds, e.g. . the alkali oxides 
transition metal oxides. Composit ions in the l\A'-Fe.i', system which 

1. See, for example, A. lx. Chaudhur, I). \\ . Uonnell, K. A. Kord, 
and .1. L. Margrave: High Temperature Science, Vol. 2, 1 1 >70. 
p. 20 t. 


include the ^-alumina structure types are of special interest because of 
their potential application in Mill) systems and as elect runic/ ionic con- 
ductors. Alkali oxide and transition metal oxides are, in general, so 
reactive that studies of phase equilibria are severely hampered and 
major uncertainties introduced in fired point dcterminati >ns (e. g. , 
melting points) by sample -container reaction. 

Finally, by conducting high-temperature, containerless experi- 
ments in space where there is a better control of variables, the syn- 
theses of unique substances (e.g., silicon suboxides, silicon dihalides) 
could be studied in a systematic manner. Such species are already 
known to yield thin films of highly pure silicon (polycrystalline) when 
they are disproportionate. 

B. Nucleation Studies and the Investigation of 
Metallic Glasses 


Investigations of nucleation processes are important in themselves 
and also in the context of metallic glass formation, l'he technological 
promise of glassy metals as soft magnetic, structural, or corrosion- 
resistant materials has been point ed out in a number of papers." At 
present, Allied Chemical is producing a composition known as Metglass 
2 S - 2 < > (Fo^Ni^l*.., ) for use in transformer cores, magnetic shields, 

and other applications, l'he Metglass 2S-2o appears commercially 
valuable because material with the desired "soft" magnetic properties 
can be produced in one process, unlike some of the standard materials 
(permalloy) which require several somewhat costly beat treatments. 

There is a definite need for systematic study and characterization 
of crystal nucleation processes in glass-forming alloys. The conditions 
for the occurrence of homogeneous nucleation should be established, and 
the frequency of homogeneous nucleation in one or more of those glass- 
forming alloys in which it is observable should be measured. Such ex- 
periments should establish, among other things, the ultimate limits of 
undercooling which can be sustained bv bulk specimens at moderate 
cooling rates. The most critical evaluations of this limit would be pro- 
vided by containerless, vibration-free (to eliminate dynamic nucleation) 


2. See, for example, I). Turnbull: .1. Electronic Materials, Vol. 4, 
107S, p. “71. 
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experiment* under high vacuum. These are cond it ion * which could t»e*t 
be realized in zero-gravity experiments. It is believed that homogeneous 
nuclefition might be reached if container nucleating effects were elimi- 
nated and reactive gases which form solid nucleating films on the metal 
surface were removed. 

Processes for putting metallic alloys into bulk glass form at 
moderately slow cooling rates would be useful to study. (Samples larger 
than a few millimeters in the smallest dimension are not presently avail- 
able. 1 


It is generally known that nonmetallic melts with reduced glass 

temperatures T T , / T exceeding 2 * generally can be under- 

rg glass mp 

cooled in bulk to the glass state at very slow cooling rates. Indeed, 
there is no evidence that homogeneous crystal nudeation ever occurs in 
such systems. It may be possible that metal glasses with V '*«!'< 

rg 

would behave similarly if container effects and heterogeneous nuclei 
could be completely eliminated. However, metal melts are more suscep- 
tible to heterogeneous nudeation than are nonmetal melts. 


Large samples of metallic glasses are desirable to obtain statis- 
tically accurate values of the mechanical (e. g. , yield pointl and elastic 
properties as well as to assess how much of the size dependence there 
is in these properties. Present indications are that alloys having the 

largest T can be best produced in bulk. Therefore, one is interested 

rg 

in characterizing the crystal nudeation behavior of Pd^.Si^ -lv. sen alloys 

which have T 's of 0. •’-* and higher.* The resistance ot these alloys to 
**g 

crystallization is known to increase* with partial subst itufion of Cu or An 
for Pd. 


Pd 77 *Si|fc$Cuoc> is presently being contemplated for use in a contain- 
erless processing experiment or a rocket flight. These data would help 
characterize the production of hulk metallic glasses in a microgravitv 
environment as contrasted to those produced on Karth. One of the 
results of these studies could be an assessment of the importance of the 


3. H. S. Chen and D. Turnbull: Acta Met. , Vol. 17, Phoi, p. 1021. 

4. 11. S. Chen: Acta Met., Vol. 22. l l> 74, p. 1 *0*. 
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surface -to*volume ratio and the cooling rate on nucleation. No system- 
atic work in this area has yet Ih*cii generated; however, some laboratory 
work is no* being conducted at Harvard University. 

It would also t>e valuable to studs the homogeneous crystal nude? - 
tion behavior of pure molten metals. Several investigations have indi- 
cated that a number of pin . molten metals may Ik* tapable of sustaining 
reduced undercoolings approaching that exhibited by Hg without appre- 
ciable crystal nucleation. However, in n».ne of these experiments was 
the occurrence of homogeneous crystal nucleation systematically investi- 
«at t*i! or demonstrated. Therefore, it is desirable to investigate 
thoroughly the crystal nucleation !>eha\ ior of droplets of some of these 
metals (e.g., Ni, C.i, An, or Phi out of contact with supporting surfaces 
and free of surface films. These conditions can Ik* approached most 
nearly in a gravity-free system. Principally, one would determine the 
ultimate undercooling of the pure molten metals and the grain structure 
which develops w hen crystallization is initiated at undcri oolings near 
the ultimate. 


C. Production of Unique Metals and Alloys 

1. Colalt-Sama rium Magnetic Material . Typical coercivities in 
sintered SmCo$ magnets are found to be in the range of H to *0 kOe. 

The highest value recorded for the room temperature value of coercivity 
in a sintered product is 4 t kOe. Plasma -sprayed Sm-Co magnets have 
been produced with intrinsic coercivities as high as « 7. •• kite.' 

Although the preceding values of coercivities realized it the Sm-Co 
magnets are far superior to those in any othei magnet, they arc still far 
short of the theoretical maximum attainable with this material. The 
theoretical maximum value of coercivity is derived from the magneto- 
crystalline anisotropy of the S 111 C 05 crystal. If a SmCo 5 magnet com- 
posed of crystallites without any defects can he produced, it 
may he possible to reach an intrinsic coercivity of kOe. This high 
coercivity may he used in such areas as: (l) precision accelerometers 
and gyroscopes, \ 2 l d. c. motors of great reliability and versatility to 
compete against elcctrohydraulic devices, and 1 li alternators for air- 
c ra ft . 


5. K. Kumar, D. Has, and E, Wettstein: High Coercivity, Isotropic 
Plasma Sprayed Sama rium-Cohalt Magnets, 2 'rd Conference on 
Magnetism and Magnetic Materials, November * 4—1 1 . 1**77, Minnea- 
polis, Minnesota: .1, Appl. Phys. , Vol. 4'*, No. », Part 2, P>78, 
p. 20 S2. 
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It «s now well accepted that reversal in sintered Sm-Co occurs by 
a process ot‘ nucleation of reverse domains at defect sites in a crystal at 
low fields and then propagation of the reverse domain through the crystal 
by a sweeping: of the domain mall with comparative ease. The defects 
can be surface irregularities, lattice distortions caused by foreign a orna, 
oxide part :les, microcracks, etc. 

The larger the number ot defects in a crystal, the more likely it is 
to reverse at a lower field. Therefore, it *e could develop a procedure 
for making rare earth-cobalt magnets which are composed of defect-free 
crystallites, we should not onlv be able to produce magnets with zero 
irreversible loss, but also those that ha\e highly stable performance at 
elevated temperatures. This should resuit in a magnet with an intrinsic 
coercivity approaching kOe and in by-products of near-zero irre- 
versible loss and extremely high stability. 

So far we have discussed the reversal of magnetization at fields 
much smaller than the amsotronv field and have stated that the defects 
in the crystals were responsible for the mechanism. A major and known 
cause of these defects is the presence of oxygen in the material, and a 
suspected cause is the presence ot contamination acquired from the con- 
tainer vessel during the melting ot the Sm-Co alloy s. 

Research recently conducted at the Draper Laboratory has provided 
strong evidence of the damaging influence of oxygon on the coercivity and 
the coercivity -retaining ability of a samartum-colialt magnet. The 
oxygen content in sprayed magnets is lc?..- (by an order of magnitude) 
than is found in a commercial sintered magnet. Sprayed magnets also 
have almost twice the coercivity. In addition, these magnets are greatly 
resistant to degradation from thermal processing that i> known to be 
severely detrimental to commercial magnets. 1'his increased coerciv- 
ity-retaining ability is believed to he directly related to the lesser 
amount of oxygen in the material. 

To produce magnetic materials of low oxygen content, one should 
develop allov melting and solidification techniques in a high-vacuum, 
containerless system to produce contaminat ion-free ingots. One would 
then have to comminute the ingot and encapsulate fine powders of these 
alloys without contamination. 1 his might he accomplished in a high- 
vacuum or ultrapure inert gas atmosphere. Densification of the powder 
compacts will he carried out l»v conventional techniques without exposure 
to air or by hot isostatic pressing, which appears very promising. In 
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general, one desires densification to the theoretical maximum without 
grain growth and prolonged homogenization at densification temperatures. 

2. Immiscible Alloys . Experiments have been proposed to exa- 
mine the structure of liquid phase immiscible alloys (e.g., aluminum- 
indium) produced in the absence of gravity and to explore the possibility 
of producing immiscible alloys of unique properties. It has been specu- 
lated that difficulties associated with some of the flight experiments have 
resulted from nonhomogenization of the melts before solidification. One 
of the methods by which the segregation problem may be reduced is to 
melt the specimens in an EM facility whe * the stirring resulting from 
the strong currents produced in the material could homogenize the 
materials. 

3. Uttrapure Metals . Many of the properties of metals are deter- 
mined by the presence of impurity atoms and imperfections (point defects, 
such as vacant lattice sites, interstitial atoms, dislocations, etc. ). 
Moreover, th *re is considerable interaction between impurity atoms and 
imperfections influencing an extensive array of physical, chemical, and 
mechanical properties. The effect of trace impurities on properties is 
attributed to such factors as lattice binding, electron mobility, mobility 
of atoms and point defects, movement of dislocations, mobility and pro- 
perties of grain boundaries, and nucleation of phases. An example of 
this interaction between impurities and imperfections is shown by the 
observation that ARMCO iron (600 ppm impurities) will take up SO cm* 

of cathodic hydrogen per 100 grams, whereas zone refined iron will take 
up only 2. 3 cm per 100 grams. The interaction between impurities and 
dislocation generation and movement in bcc metals has been well docu- 
mented. The highest purity metal (I ppm impurity) has an impurity con- 
tent of lO'Vcm 3 . If one can succeed in lowering the impurity content of 
pure metals by a factor of 10* to I0 J , one might expert markedly different 
properties. 

One method of purifying metals is a two-step process: vacuum 
melting followed by vacuum distillation and condensation of the vapors on 
a heated clean substrate to produce a fully dense deposit. 

Space offers some potential advantages for conducting this type of 
experiment that are not readily obtainable on the ground. For example, 
using an EM device to position the initial charge can reduce container- 
induced impurities. 
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pdrr*il it Miitlli irnt lunh* r* ool nit; rdii In* drlurxril m tin* moltrn dlloy. Ax 
«ht>wii hy Itiriihull dtnl othrrx, d ipiirxtrul t i*ntd uu* r l»* x x rnx i ronnu'iit ix 
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tAtnrrlrxx low -gidvil \ rnx i ronm<*nt , w liu li md\ In- .it liinni in xpdrr, 
rotilti hr uxrtl tot ptrp.tt mg xm li mrtd xtdhlr tryxtdlluir mdtrridlx. 


D. \ led romaqn otic Systems and Crystal Growth 

I. lipin* idl I'ottxtdr rdttoitx. I'm* ot tin* prmid i \ dd\ dntdgrx of 
mdtrridlx protrxxmg ill xpdrr lirx in oiu dhtlitx t » ♦ opri'dtr m d vontdilirr- 
Irxx moilr. Sun r .1 1 1 1\ it u* x m x jvd » r d pprd i undx ohldhly d x sot idtrd \v ith 
rrxlthidl cr.iv ilx diul unrrmrnt.il gr.ixitx \.i lidtioiu, it ix lift fxtdl'x tlidt 
xyxtrmx x in It. ix mrtdlln mrltx t tilt liuling xrmii tMulin toi mrltxl hr xtdhl- 
1 1 1 ril m pmlrtr riuiiirtl pox it ionx . Snrli xtdhil i -.it ion i.tn in prim tplr hr 
dthtrxril through dti'iixtn in, i or flf. Ir.'indcnrtit mr.m-., x’lixriitlir tart 
tlidt t t<nx «*t t tt>u nitliit tin' h.ttlx loitrx .irr x iguit it dnt lx uu rrdxrtl in tin* 
t d xr ot KM xtdhil t .'.it nut, it might hr t t»u» liulrtl tlidt dioiixth afAhil i .* At ioil 
tr t linitpir x .in* to hr pi ftf r i nl, llirrr dir inxtdiurx, hoxxrxrr, xxlirrr 
KM Irxitdtion .ippf.ii •• pirtrr.ihlr. 

i'iip t»l tin- in hr it* nt I id hi) ti u* x » » t t r x xt.il y* i* »xx tlx t oiulm tril m d nun 
tdmrrlrxx moth* lirx ;u tlir t.it t tlidt .1 multltuilr ot miuoritx % onxt itiirnt .x 
in tin* iin*lt iw hit li d if rM»r t tril to hr unitor mix un o r po i dt r»l in tin* xolull 



exhibit a hi|th vapor pmouri' and, therefore, evaporate during container- 
loss prot Mils evaporat i\ e loss mi Anurt 4n Ur an purilt.ation 

«* I' one • component wflrui* m » oii» i , nu , il results, iimlrr convect ion-tree 
dittusion-controlled conditions, in both radial and longitudinal compos i- 
t tonal variation* in single * rentals obtained by I npud - sol id pliant' traits- 
format tonn, 

i'onta un* rle n n pro. 'easing in space in, moreover, siiImo. t to ratlial 
lu«at transter (radial heat Ion* front I ho nolid lormrill wlu.lt in turn loatln 
to t'urvod growth interlace morpholog ies and, » on*o»piently , to radially 
uouunitorm nogrogation. KM nyntomn mat ho otto» tivo through direct 
coupling with tho n»*lid produced in compensating tor radial, radiative 
hoat losses and tint* in roilu. tug tho ra.liun ot .urvature ot tho soltditi.a- 
tion front. 

In view ot tho attractive toaturon ot KM sta Ini i .-a t ton and hoating. 
it is ntrongly ntiggontoil that all offe.ta ot KM stabtlt at ion, hoating, and 
hotly lorcea on motalli. molts and solids ho extensively in\ o.l igatod. 
Should tho provtouslv tils, unsod t ond it ion •• ho realizable, I'M stabiliza- 
tion ami hoating devices may proyido tho moans to achieve « ontrolloil 
liquid-solid pliaso t rann tor mat i.nts in win. It tho rosulttug solitl matri.os 
exhibit . ompos it tona l homogonoity on both a mt.ro and ma. roseate, 

Krystal (irowth. Krosonl to. hnuptos ot pro|>aring smglo . ry* 
tals ot higli molting tomporaturo alloys and » .impounds h\ Hoating ono 
crystal growth do not appoar to havo protlm oil composit tonally homogon 
oous stnglo crystals," Vory high molting tomporaturo rotra«tnr\ motal 
ca rhulo stnglo . ryst.ils, such as thoso ot tantalum .nrhulo and haluium 
carhido (milting temperatures ot t'UhV i'l, to our knowledge, hat o not 
horn protlm oil at all in sices ot » mm or larger, t rystals ot vanadium 
carhido produced hy float .-ono in It' atmospheres >>t helium to reduce 
evaporation loss c.uitaiiias mu. It as 0. I per. out h\ weight ot oxygen and 
nitrogen as well as other impurities. Although thoso . r\ slals wore rela- 
tively largo (S cm long and l »n in iltamotorl, homogeneit\ throughout 
was not attaineil. I'etter to. hut. pies ot preparing single -. t \ stal « arhide 
materials appear tlt'sirahlo. 

In terms of heller preparation ot these .arhide single .rystals am* 
other high molting temperature .rystals dts.usso.l previously, the te. h- 


('. K, ti. l.ye, tt, K, Hollos, ami .1, 1>. Vonahles: "I'miding, Structure 
anti Mechanical I'ehav tor o! V, t , Single Krystals," iroin Anisotropy 
in Single-t rystal Uefracttirv t ompomuls, Vol. I’lonum Kress, 

Now York, l **liS, 
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nique of levitated solidification in a microgravity environment may otter 
certain advantages. These are: (It freedom from contaminating surfaces 
and (2) rapid melting and crystallisation which prevents changes in stoi- 
chiometry due to evaporation of constituents over long periods of time. 

The technique of liquid encapsulation has been used in the growth 
of compounds with a high dissociation vapor pressure. For example, 
gallium phosphide crystals have been grown in a pressurized system 
where the melt is under a liquid layer of IV Oj. However, the require- 
ments for the encapsulating liquid generally restrict the material that 
can he used. Using such a liquid container for crystal growth in a micro- 
gravity environment could remove some of the rest r ict ions on the 
material. For example, typically the encapsulating liquid is of lower 
density than melts. Also, the relative contact angles ot the encapsulate 
and melt with the container determine whether or not a good seal is 
obtained. Such restrictions are removed in a weightless environment 
and may allow tor the growth of compound materials not easily obtain- 
able on Earth. In addition, melt shaping ma\ be performed le. g. , 
using containers with l ab encapsulated Si melts) which allows crystals 
with controlled cross sections to In* grown. 


III. CONTAINERLESS PROCESSING SYSTEMS 

A. Potential Capability and Limitations of 
Containerless Processing Systems 

Elect romagnet ic systems have been used for several years to suc- 
cessfully levitate and heat metal systems m a l-gravitv environment. 
(Run shah has made an excellent review ot the topic.') I lie advantages of 
this type of system are well recognized and include: tit no crucible con- 
tamination, (2) rapid homogeni/at ion of the melt, and ( >) rapid rates of 
heating and melting. However, there are some fundamental disadvan- 
tages with these terrestrial systems— namely: ill difficulties in attaining 

and controlling the desired temperatures. l2) high vaporization losses 
which can result in shorting ot the coils, and t ») dynamical instability 
problems with large charges t N .’0 grams) — which appear to make it 


7. K. F. I'unshah: "Melting, l asting, ami Hist ilia t ion t echniques 

which Minimize Crucible Contamination, " Chapter IS, Fart Yol. 

1, V techniques ot Metals Research, ed. l\. F. Uunshah, Interscience 
Publishers, l*h»8. 



impossible to melt and hold them for long periods of time. 

The characteristic problem with metals in terrestrial devices is 
that they are heated to hotter temperatures than desired in order to levi- 
tate. The temperature attained by a small specimen in a vacuum when 
levitated at low frequencies is given by 


T 4 


P' 10 9 g V P m P e \ / B 2 \ 
V 8 IT o'' ca / 'grad B 2 ' 


/universal /specimen \ /facility \ 
'constant ' ' properties' 'property/ 


where 

T = absolute temperature 

g = gravitational acceleration 

a = Stefan-Boltzmann constant 

p = specimen density 

m 

= specimen electrical resistivity 

€ = specimen emissivity 

a = specimen radius 

B = average magnetic induction 


CGS units except 

p in fi-cm 
e 


As is seen from the preceding equation, the specimen temperature is 
proportional to (l/a)4; therefore, increasing the size of ihe specimen 
can reduce its temperature to some extent. However, this is true only 
up to a point. For large specimens (weight > 2 grams in one instance*) 
the temperature of the specimen will again increase. This is due to the 
fact that a large specimen extends beyond the region in the* coil where 
the field is most favorable to lifting, and there is additional heating 
generated for a given lifting force. Some of the problems of overheating 
samples can be eliminated by immersing the system in a pure helium or 
hydrogen atmosphere. Additional cooling can be attained when the gas is 
flowed by the sample, although at the higher flow rates turbulence can be 
induced with some frequency near a resonant frequency of the sample. 

Perhaps the most serious limitation of EM systems is their inabil- 
ity to levitate poorly conducting materials in a 1 -gravity environment 


8. Bunshah, op cit . 
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without superheating the specimens. Figure 1 is a three-dimensional 
plot of conductivity, temperature, and specimen size for EM levitated/ 
melted specimens. The small block : n the right-hand corner indicates 
that regime which can potentially be handled in the terrestrial environ- 
ment even when gas cooling is employed. This figure graphically shows 
the limitations of terrestrial devices by the exclusion of a wide range of 
materials (e. g. , metallic oxides, some carbides) and temperatures from 
that block. 

Other types of containerless processing devices are presently being 
investigated for possible use in a 1 -gravity environment. One of these 
devices uses the force generated on a body when in an acoustic radiation 
field. Preliminary characterization experiments have been conducted at 
MSFC in a system with an acoustic driver and an opposing reflector 
operating in a resonance condition. These tests indicate that the system 
may be capable of levitating solid specimens of densities ~ 5 gm/cm 3 at 
temperatures in excess of 1000' C in a gaseous environment. The size 
of the specimen should be ^ 1/3 A, where A is the wavelength of the 
acoustic field, ~ (2-6) cm for the case of magnetodynamic acoustically 
driven systems. The acoustic pressure needed to levitate material in 
these devices is quite high ( 165 db) and can create dynamical instabi- 

lities in liquids. Figure 2 shows a small drop of glycerin suspended in 
a levitating mode and indicates the distortion that liquids may experience 
in these devices. A drop of water levitated under the same conditions 
would be disrupted. It appears that the disruption of materials in the 
liquid state may cha ra cte rize the limitation of acoustical levitation 
systems in the terrestrial environment. 

It could be speculated that the behavior of materials in the liquid 
state could also determine the limits of other types of systems presently 
being developed for terrestrial application. For example, the high-speed 
calorimetric system currently being developed at the National Bureau of 
Standards has been used to measure the properties of solid materials. 
When used with materials in the liquid state, the heating currents may 
induce instabilities in the liquid (analogous to the pinch and kink insta- 
bilities which have been a problem in some plasma studies). These 
instabilities, in addition to surface tension effects, could complicate 
mea suremonts. 
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RADIUS OF 
SPECIMEN (cm) 



RESISTIVITY LIMIT IMPOSED 
BY CONVENTIONAL RF FREQUENCIES 
TO~30MHi. MICROWAVE 
FREQUENCIES COULD EXTENO LIMIT 
TO INCLUDE 


The principal limitation of terrestrial levitation techniques is the lack 
of means of specimen temperature control. Such control can. however, be 
furnished in a limited fashion for materials of extremely high melting 
temperature or by use of inert gas cooling. This regime of limited control 
is indicated only semiquantitatively since it depends specifically upon specimen 
density, resistivity, tolerance to contamination by inert gas flow, as well as the 
cooling rate required for the experiment. 


Figure 1. Limits of terrestrial levitation melting and solidification 
techniques using electromagnetic systems. 
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„ drop of glycerin levitated in a single-axis acoustic levitator. 
,und fields have modified its original spherical shape. 


B. Containerless Drop Tube Solidification Studies 


A drop tube apparatus has been developed at MSFC to study con- 
tainerless calorimetry and solidification of high -temperature reactive 
melts. The drop tube apparatus consists of a high-vacuum (10" 0 torr) 
drop tube 31.5 m in length and a vacuum bell jar assembly. A container- 
less melting apparatus, based upon the pendulant drop technique, is in- 
stalled in the stainless steel bell jar which is located directly over a 
4-inch i. d. stainless steel tube. Instrumentation and viewing ports are 
located at intermediate levels (every 20 ft). Since both the temperature 
and heating power of the sample can be monitored simultaneously, the 
apparatus can be used as a containerless calorimeter to determine phase 
transition points, specific heats, and heats of fusion of reactive metals 
and alloys. The pendulant drop technique also allows for a determination 
of the surface tension of reactive melts. The apparatus has been used 
successfully to melt a variety of metals and alloys up to the melting point 
of tungsten (3410‘ C), with most of the present work dealing with Nb and 
Nb alloys (melting temperature 1900 C to 2470 C) with drop diameters 
in the range of 1 to 5 mm. The amount of undercooling in molten drops 
can be determined by vising streak photography. Undercooling in excess 
of 350 K has been observed in pure Nb and in excess of 450 K for se- 
lected Nb-Ge alloys. 

Because the present apparatus relies on radiation cooling, this 
technique works well only for metals and alloys with solidification tem- 
peratures in the range of 1500' C or higher. The system is presently 
being modified so that He gas may also be used for cooling. With this 
modification, the system will consist of an EM levitator to heat and 
suspend the samples and a secondary source of heat which will consist 
of a focused lamp or CCK laser. This modification should extend the 
capabilities of the hardware to study containerless heating and cooling of 
a variety of materials, including metallic glasses and immiscible alloys. 


18 



APPENDIX 


PARTICIPANTS AT THE WORKSHOP ON 
AN ELECTROMAGNETIC POSITIONING SYSTEM IN SPACE* 


Name 


Institution /Telephone Number 


J. H. Bredt 
R. F. Bunshah 

R. S. Carbonara 
J. R. Carruthers 

E. W. Collings 
Jack II. Colwell 
Dilip Das 

F. T. Frost 

S. C. Hardy 
F. J. Jellinek 
A. E. Lord, Jr. 
J. R. Manning 
J. L. Margrave 


NASA Headquarter s /OST A 
(202) 755- 3848 

University of California at Los Angeles 
(21 31 825-2210 

Battelle Columbus Laboratories 
(614) 424-5440 

NASA Headquarters /OST A 
(205) 755-2070 

Battelle Columbus Laboratories 
(614) 424-4 355 

National Bureau of Standards 
(301) ‘>21-278». 

C. S. Draper Laboratories 
(617) 25S-2K«*5 

General Electric-Space Sciences Division 
(215) o«, 2-3517 

National Bureau of Standards 
(301) 021-2‘>85 

Battelle Columbus Laboratories 
I 4 ) 424-7472 

Drexel University 
(215) 805-272“ 

National Bureau of Standards 
(301) ‘>21-33*34 

Rice University 
(71 3) 52 3-82 3o 


* Two of those invited, G. Slack (General Electric/Schenectady ) and 
L. Lacy (NASA/Marshall Space Flight Center), were unable to attend. 
However, their contributions are included in this document. 

10 



APPENDIX (Concluded) 


Alan J. Markworth 

R. C. Marshall 
J. C. McClure 
R. J. Naumann 
W. Oran 
H. S. Parker 
R. S. Roth 

F. A. Schmidt 
David Turnbull 
J. F. Turtil 
A. F. Witt 

G. Wouch 


Battelle Columbus Lab atories 

(614) 424-4 367 

Rome Air Development Centor/USAF 

(617) 861-4047 

NASA/Nlarshall Space Flight Center 
(205) 453-5510 

NASA/Marshall Sf>acc Flipht Center 
(20S ) 453- 3040 

N ASA/ Ma rshall Space Flipht Center 
(20S ) 451- 30‘>0 

National Bureau of Standards 
(301 ) ‘*2 1 -2842 

National Bureau of Standards 
( 301) '>21 -2842 

Ames Laboratory, Department of Enerpy 
(515) 294-5236 

Harvard University 
(617) 4^5-2838 

NASA Headquarter s /OSTA 
(202) 755- 3848 

Massachusetts Institute of Technology 
(617) 25 3-5 303 

General Electric -Space Sciences Division 
(215) ‘>(,2-4450 


20 



APPROVAL 

PROCEEDINGS OF THE WORKSHOP ON 
AN ELECTROMAGNETIC POSITIONING SYSTEM IN SPACE 


Edited uy W. A. Oran 


The information in this report has been reviewed for security 
classification. Review of any information concerning Department of 
Defense or Atomic Energy Commission programs has been made by the 
MSFC Security Classification Officer. This report, in its entirety, has 
been determined to be unclassified. 



Chief, Space Processing Division 




CHARLES A. LUNDQUUff 
Director, Space Science Laboratory 


21 


BUS GOVERNMENT PRINTING OFFICE 1978 640 081/323 REGION NO 4 


